We have employed X-ray photoelectron spectroscopy (XPS) technique to examine the combined effects of low-energy electron (LEE) irradiation and Fe 3+ ion on DNA damage. pBR322 plasmid DNA extracted from E. coli ER2420 was used for preparing DNA-Fe 3+ sample. The C1s XPS spectra were scanned for LEE-irradiated and LEE-unirradiated samples and then curve-fitted. For the samples with LEE irradiation only or with Fe ion only, no significant changes from pure DNA samples were observed -a single effect of either Fe 3+ ion or LEE irradiation did not cause a significant damage. However, when these two components were combined, the DNA damage was increased quite significantly, compared to the sum of DNA damages caused by Fe 3+ ion and by LEE irradiation independently. This observation is consistent with our previous results [Radiat. Res. 177, 775 (2012)] which was done using gel-electrophoresis technique. Partial interpretation of the observed spectrum peaks was also attempted.
INTRODUCTION 1)
After the Sanche group in Canada reported that lowenergy electrons (LEEs) with sub-ionization energy of DNA interact with DNA and cause the structural and chemical changes in year 2000 [1, 2] , it is now well established that low-energy electrons (LEEs) can cause DNA damages such as single-strand break (SSB), double-strand break (DSB), base lesion, and cross-links between bases by ionization and excitation processes [1] [2] [3] [4] [5] . LEEs with a specific energy resonantly attach to a constituent of DNA and forms a temporary negative ion, followed by dissociation of the parent molecules, causing a bond break at a specific site of the DNAthis process is called dissociative electron attachment (DEA) [4, 6, 7] . When high energy (keV~MeV) radiations interact with biomolecules, they produce secondary species such as radicals, ions and LEEs through the local energy deposition to the targets. Among these [8] [9] [10] [11] [12] [13] [14] [15] . However, in a real complex cellular environment, DNA is surrounded by many other molecules such as proteins and metal ions as well as H 2 O and interacted with these surrounding molecules chemically in vivo [16] . It is, therefore, necessary to consider the effects of surrounding molecules connected to DNA or DNA subunits when studying DNA damages induced by LEEs or high energy irradiation. Motivated by this situation, we have previously studied the combined effects of LEE irradiation and Fe 3+ ion on DNA damage [17] . Metal ions are important catalysts for oxidative damaging reactions in DNA and other biomolecules [18] [19] [20] [21] [22] . Fe ion bound with DNA components will affect the sensitivity of electron capture for the incoming LEE and, consequently, the yield of DNA damage will be changed. 
MATERIALS AND METHODS
For DNA sample, pBR322 plasmid DNA extracted from E. coli ER2420 was purchased from New England BioLabs Inc. It is a double-stranded and supercoiled DNA with 4,361 bp (base-pair) in length and 2.83ⅹ10 6 daltons in weight. Ferric chloride (FeCl 3 ) was purchased from Sigma-Aldrich Chemical Co. and FeCl 3 solution was prepared immediately prior to use. All other reagents and solvents were purchased from Sigma-Aldrich Chemical Co. and used as received without further purification. Tantalum (Ta) foil for DNA film base was purchased from Goodfellow Cambridge Limited. A home-made lyophilizer was used to prepare dried DNA films on Ta foil. The details of the lyophilizer were described elsewhere [17] . To treat plasmid DNA and FeCl 3 , we used nanopure water (distilled and deionized water (18.2 MΩ.cm, 25˚C; ddH 2 O)). We prepared pBR322 DNA solution, mixed with TE (Tris-HCl 10 mM, EDTA 1 mM, pH 8.0) buffer to dilute to a concentration of 0.05 μg/μl, and FeCl 3 solutions, mixed with the same TE buffer to make a concentration of 6 mM. The prepared pBR322 DNA solution and FeCl 3 solutions were mixed in a 0.5 ml microcentrifuge tube to make DNA-Fe 3+ complex. DNA-Fe 3+ mixture solution of a volume of 9 μl was carefully dropped on a clean Ta foil and was spread on the Ta foil to a circular shape with around 5-mm diameter. In the lyophilizer, DNA-Fe 3+ solutions became frozen and water molecules in the solutions were extracted by the cryogenic sorption pump. Finally, we obtained dried DNA-Fe 3+ films with about 5 monolayers (ML) on the Ta foils. For each run of the experiments, eight DNA-Fe 3+ films were prepared and loaded into the vacuum chamber for LEE irradiation.
The electron gun generated a uniform electron beam over the entire sample surface on the sample holder. Each DNA film was irradiated individually with constant irradiation time, beam current, and incident electron energy. Under this condition, the electron energy and the irradiation time were 5 eV, which is below the ionization threshold of DNA, and 5 min, respectively, giving a total exposure of approximately 1.81ⅹ10 14 electrons per DNA film. The irradiation of DNA film was carried out under ultra-high vacuum (UHV) condition, ~ 10 -10 torr, pumped by a turbo molecular pump. The pure DNA films having no Fe ion was made following the same procedure. Both un-irradiated and irradiated DNA-Fe 3+ samples were analyzed using Thermo Multilab2000 XPS system at the Center for Research Facility, Chungnam National University. This system was equipped with a Mg/Al dual anode beam source, a concentric hemispherical analyzer, and a channeltron detector. The Mg Kα source was used for the experiment, and the power and the base pressure were maintained at 150 W and 4x10 -10 torr, respectively. The angle of incidence of the X-ray beam with the sample normal was about 42° and the analyzer was positioned normal to the target surface. XPS spectra were recorded in the fixed analyzer transmission mode with energy steps of 0.1 eV. From XPS spectra, we could determine the binding energy of the electron ejected from an atom which was bonded to other atoms. 
RESULTS AND DISCUSSION
DNA consists of the bases, sugar and phosphate and has numerous bonds consisting of atoms like H, C, N, O and P, and therefore XPS spectrum for each of these elements can be recorded. Among these elements, more detailed C1s spectra were scanned for the following two different groups of the samples: (1) DNA with neither electron irradiation nor Fe ion, and (2) DNA with both electron irradiation and Fe ion. The spectra are shown in [24] [25] [26] as summarized in Table 1 , and the spectra in Figure 1 have to be curve-fitted accordingly to separate out one component from others. The results of curve-fitting are also presented in Figure  1 . In the figure, dotted lines indicate the raw C1s spectra, narrow solid lines the curve-fitted peaks, and thick lines at the bottom the backgrounds, respectively. In Table 1 , each constituent peak is assigned to a proper bond. The changes in the sizes (areas) of the constituent peaks between 'without both electron-irradiation and Fe ion' and 'with both electron-irradiation and Fe ion' are tabulated and indicate the possible bond cleavages or the production of the corresponding bonds. The relative sizes of some peaks are increased, while others are decreased.
For one run of experiment, 16 DNA film samples were made identically -among them, 8 samples were LEE-unirradiated and having no Fe ion, and the other 8 samples were LEE-irradiated and having Fe ion. One standard deviation (1σ) of the average peak-size changes was about 3%. Therefore, any change less 3% was considered statistically no meaningful. From Table  1 and Figure 1 , we inferred the meaning indicated by the changes in the sizes of the peaks. The 285-eV peak, which is corresponding to C-H and C-C bonds, is decreased from 45.7 % to 33.5 % in its size. On the other hand, the 286-287 eV peak, which is corresponding to C-N, N-C-N, C-O-C, and C-OH bonds, is increased from 39.9 % to 54.9 %. The 288-eV peak corresponding to N-C=O bond and the 289-eV peak corresponding to N-C(=O)-N bond show small changes to draw any conclusion. Most noticeable change is a big increase of 286-287 eV peak. Interestingly, we have noticed the similar increases of 286-287 eV peak when we irradiated thymine and adenine bases with low-energy electron (5 eV) in our separate, unpublished experiments. Therefore, we can conclude that this change is related to the damage of bonds associated with thymine and adenine bases. Also Ptasinska et al [27] noticed the rise of 286-287 eV peak and they concluded that this rise of the signal identifies that a new product is formed as a result of X-ray exposure on DNA sample (without Fe ion), which contains one of the C-N, N-C-N, C-O-C, C-OH components. Considering that the changes in the peaks sizes are relative, not absolute, the decrease in 285 eV peak could be interpreted in two ways: (i) real decrease associated with C-H and C-C bonds or (ii) just a relative decrease due to the increase in 286-287 eV peak. To conclude, we need a further study.
We also did the same experiments for (a) the DNA samples with electron irradiation only (i.e., no Fe ion) and (b) the samples with Fe ion only (i.e., no electron irradiation). However, for these samples, the XPS spectra are not very different from those spectra for the DNA sample with no irradiation and no Fe ion. This observation is consistent with the result which we obtained in the previous gel electrophoresis experiment [17] , as further discussed below. Therefore, we did not show and discuss the results for these two cases.
We would like to compare these conclusions with the results we obtained in the previous experiments [17] 
CONCLUSION
We have employed XPS technique to examine the combined effects of LEE irradiation and Fe 3+ ion on DNA damage. The C1s spectra were scanned for LEE-irradiated LEE-unirradiated samples. Most noticeable change in C1S spectra is a big increase of 286-287 eV peak. We have noticed the similar increases of 286-287 eV peak when we irradiated thymine and adenine bases with low-energy electron (5 eV) in our separate experiments, and therefore, we can conclude that this change is related to the damage of bonds associated with thymine and adenine bases. This observation is also supported by other previous reports. For the samples with LEE irradiation only or with Fe ion only, no significant changes from pure DNA samples were observed. In other words, a single effect of either Fe 3+ ion or LEE irradiation did not cause a significant damage. However, when these two components were combined, the DNA damage was increased quite significantly, compared to the sum of DNA damages caused by Fe 3+ ion and by LEE irradiation independently. This observation is consistent with our previous results which was done using gel-electrophoresis technique.
